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Abstract 
To avoid greenhouse gas emissions, reduce the dependence of the traditional ammonia synthesis process on fossil 

energy, and achieve a low-carbon and sustainable transformation of the ammonia synthesis process, the 

electrolyzer-based ammonia synthesis system has gradually attracted people's attention. This paper compares and 

analyses the thermodynamic performance of the synthetic ammonia system when operating with different 

electrolyzers: alkaline water electrolyzer (AWE), proton exchange membrane electrolyzer (PEMEC), and solid 

oxide electrolyzer (SOEC). The results show that the energy efficiency of the synthetic ammonia system based 

on AWE, PEMEC and SOEC is 54.99%, 59.94%, and 77.19%, respectively, which is in positive correlation with 

the hydrogen production efficiency of the electrolyzer. Meanwhile, by comparing the heat integration of different 

synthetic ammonia systems, it is found that the heat integration processes of synthetic ammonia systems based on 

PEMEC and AWE are identical because the excess heat from the low-temperature electrolyzer is directly 

discharged to the environment through cold utilities, which means that the synthetic ammonia system can adopt 

the PEMEC and AWE collaborative hydrogen production solution to achieve a trade-off between system 

flexibility and economy. The high-temperature electrolyzer (SOEC) exhibits the advantage of high 

thermodynamic compatibility with ammonia synthesis reactions, enabling more efficient utilization of system 

waste heat and further enhancing the overall system efficiency. 
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1. Introduction 

To achieve the green and sustainable development 

of the energy supply system, the installed capacity 

of renewable energy, mainly wind power and 

photovoltaics, is constantly increasing. While 

reducing carbon emissions, it cannot guarantee the 

stability of the power supply due to its randomness 

and volatility. Therefore, developing large-capacity, 

long-term energy storage technology has become 

key to developing renewable energy. In this context, 

the energy storage concept of Power to X has 

received widespread interest since it not only solves 

the problem of renewable energy consumption but 

also promotes energy conservation and emission 

reduction in traditional chemical production based 

on fossil energy, where X includes hydrogen, 

ammonia, methanol, methane, etc. [1–3]. Compared 

to other chemical products, ammonia, the second 

largest chemical product in the world, has the unique 

properties of low-ignition point, producing only 

nitrogen and hydrogen when decomposed, and no 

carbon dioxide emissions [4,5]. It is regarded as an 

ideal chemical for long-term hydrogen storage. 

The differences in thermodynamic performance 

between electrolyzer-based ammonia synthesis 

systems and traditional ammonia synthesis 

processes have attracted the attention of many 

scholars. Bahnamiri et al. [6] put forward a system 

for the co-production of ammonia and formic acid 

based on alkaline water electrolyzer (AWE) and CO2 

electroreduction cells. The system efficiency 

reached 37.6%, while CO2 recycling was achieved. 

However, the study only focused on the impact of 

changes in key component parameters on the 

thermodynamic performance of the system. Sousa et 

al. [7] investigated the technical and economic trade-

off of the ammonia synthesis system based on proton 

exchange membrane electrolyzer (PEMEC). It is 

reported that the energy efficiency is 45%, and the 

energy consumption of ammonia production was 

10.98kWh/kg NH3, which is 2 kWh/kg NH3 greater 

than the energy consumption of the typical natural 

gas reforming ammonia synthesis system. It was 

also pointed out that when electricity costs are low, 

the system should reduce investment costs and 

shorten the system investment payback period by 

increasing the PEMEC current density at the 

expense of the electrolyzer hydrogen production 

efficiency. Richard et al. [8] explored the potential 
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of adopting PEMEC or SOEC to produce hydrogen 

and using membrane reactors to synthesize 

ammonia. The study employed a multi-objective 

optimization algorithm to optimize system operating 

parameters to minimize ammonia production costs 

and improve system efficiency. The study found that 

the use of membrane technology can achieve an 

ammonia conversion rate of up to 90% compared to 

traditional ammonia synthesis. In addition, the 

efficiency of membrane reactor ammonia synthesis 

systems based on PEMEC and SOEC increased by 

approximately 8% and 15%, respectively. However, 

the above studies only focus on the impact of key 

system operating parameters on system efficiency 

and economy or explore the trade-off between 

technology and economics, and lack discussion on 

the utilization of system waste heat and the system-

level energy integration. For the ammonia synthesis 

system of SOEC and solid oxide electrolyte oxygen 

pump, Nowicki et al. [9] pointed out that if the waste 

heat of the solid oxide electrolyte oxygen pump can 

be further utilized, the energy consumption of the 

ammonia synthesis system can be further improved 

on the basis of 9.94 kWh/kg NH3. Frattini et al. [10] 

evaluated the performance of biomass-based, 

electrolyzer-based, biogas-based, and natural gas-

based ammonia synthesis systems. The findings 

indicated that the global efficiency of the 

electrolyzer-based system was as high as 81%, the 

energy consumption of ammonia production was 

14.36 kWh/kg NH3, They also pointed out that the 

large amount of waste heat from the ammonia 

synthesis reactor and multi-stage compressor in the 

three systems can be further recovered and utilized 

for heating or providing domestic hot water. Nami et 

al. [11] conducted a technical and economic analysis 

of the synthetic ammonia systems based on AWE 

and solid oxide electrolyzer (SOEC). It is concluded 

that the energy efficiency of the ammonia synthesis 

systems based on low-temperature and high-

temperature AWE, and low-pressure and high-

pressure SOEC are 56.4%, 66%, 72.5%, and 73.4%, 

respectively. In addition, in the system based on 

low-pressure and high-pressure SOEC, around 57% 

and 31% of the steam required by the electrolyzer 

can be obtained by heat integration between the 

SOEC and the Haber-Bosch process, respectively. 

Zhou et al. [12] conducted the PEMEC and SOEC-

based ammonia synthesis systems with the pinch 

analysis method, pointing out that the heat generated 

by the ammonia synthesis system based on PEMEC 

can be self-sufficient and does not require additional 

thermal utilities, while the hydrogen production and 

ammonia synthesis system of SOEC requires an 

additional 35.1MW of steam to meet the system's 

heat demand. However, there is a lack of 

comparative analysis between ammonia synthesis 

systems based on low-temperature electrolyzers 

(PEMEC and AWE). 

Meanwhile, the pinch point analysis method 

optimizes the system heat exchange network design 

by determining the minimum temperature difference 

(pinch point) between the cold and hot flows in the 

system. It can maximize the recovery of system 

waste heat, reduce the system's demand for external 

energy, and achieve the lowest system energy 

consumption. It is an important method to achieve 

system-level energy integration in process system 

engineering. Therefore, to fill the above research 

gap, this paper uses the pinch analysis method and 

the combination curve to visualize the integration 

process of different logistics when the synthetic 

ammonia system adopts different hydrogen 

production technologies and compares the 

integration characteristics and energy-saving 

potential of different hydrogen production 

technologies in the synthetic ammonia system. 

Nomenclature   

AWE alkaline water electrolyzer V  voltage, V 

ASP ammonia synthesis process W  electricity, kW 

ASU air separation unit   catalyst volume density 

COMP compressor   

COP coefficient of performance Superscripts and subscripts 

GSR gas switching reforming a anode 

HEX heat exchanger act activation 

MCOMP multi-stage compressor c cathode 

PEMEC proton exchange membrane electrolyzer cat catalyst 

R717 refrigeration unit en energy 

SOEC solid oxide electrolyzer inv investment 

Sep separator ion ionic 

Symbols  ocv open circuit voltage 

j  the current density of electrolyzer, A/cm2 ohm ohmic 
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2. Process description 

The flowchart of the ammonia synthesis system 

based on the electrolyzer is given in Fig. 1. First, 

water is transformed in the electrolyzer to produce 

hydrogen and oxygen, which are then separated by a 

gas-liquid separator (Sep 1 and Sep 2) to obtain pure 

hydrogen (stream 6) and pure oxygen (stream 10). 

Subsequently, the oxygen (stream 10) produced by 

the electrolyzer is blended with the oxygen from the 

cryogenic air separation unit (ASU) and sold. In 

contrast, the hydrogen generated from the 

electrolyzer cooled by a heat exchanger (HEX 2) is 

mixed with the nitrogen from the ASU in a ratio of 

3:1 and enters a multi-stage compressor (Mcomp3) 

for compression. The mixed gas (stream 20) is then 

mixed with the unreacted gas (stream 32) separated 

from the ammonia separation tower (Sep 3) and 

enters a compressor (Comp) for further compression 

to the operating pressure of the synthetic ammonia 

reactor. As the ammonia synthesis process is 

exothermic and the conversion efficiency of 

nitrogen and hydrogen is low, the ammonia 

synthesis reactor in this paper adopts a three-bed 

reactor to improve the conversion rate of nitrogen 

and hydrogen while achieving temperature control. 

Specifically, the mixed gas from the compressor is 

first heated to about 180 ℃ to prevent the cooling 

temperature entering the reaction bed from being too 

low, which would affect the catalyst performance. 

Then, stream 22 is split into three streams, the first 

stream (stream 23) is further heated to the operating 

temperature of the synthetic ammonia reactor 

through the HEX 5, and the second (stream 25) and 

third (stream 26) streams are passed into the 

ammonia synthesis reactor as cooling gas to manage 

the reaction temperature and prevent the reactor 

temperature from being too high and affecting the 

synthetic ammonia reaction. The crude synthesis gas 

(stream 27) from the synthetic ammonia reactor is 

cooled by the HEX6, enters a refrigeration unit 

(R717) to liquefy the ammonia, and then enters the 

ammonia separation towers (Sep 3 and Sep 4) to 

yield pure ammonia (stream 36). Finally, some 

unreacted gas (stream 25 and stream 26) is separated 

and sent to the boiler for combustion.
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Fig. 1. The flowchart of ammonia synthesis system
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3. System modeling 

3.1 AWE model 

In the alkaline electrolyte solution, the alkaline 

water electrolyzer separates the anode and cathode 

through a diaphragm and water undergoes 

electrochemical reactions at the cathode and anode 

to produce hydrogen and oxygen respectively. The 

reaction equations are as follows: 

Overall reaction: 

 2 2 2

1
H O H O

2
→ +  (1) 

Anode reaction: 

 
- -

2 2

1
2OH 2e  H O  O

2
→ + +  (2) 

Cathode reaction: 

 - -

2 22H O  2e H   2OH→+ +  (3) 

Taking into account the kinetic and resistance 

effects during the operation of the electrolyzer, the 

actual operating voltage of the AWE is the sum of 

the reversible voltage, activation overpotential, and 

ohmic overpotential [13,14]. As detailed in Table 1 

where AWET  is the AWE working temperature, ℃; 

AWEp  is the AWE working pressure, bar; AWEj is the 

AWE working current density, A/m2; The 

parameters of the AWE model [13] are described in 

the supplement material. As illustrated in Fig. 2, 

under the same operating parameters, the voltage of 

the AWE model at different current density was 

compared with reference [13], and it is found that 

the absolute value of error is less than 0.2%, which 

proved the reliability of the model. 

 

 

Table 1. The modeling equations of AWE. 

Parameters Equations 

AWE cell voltage, V AWE rev AWE,act AWE,ohm  V V V V+= +  

Activation overpotential, V 
32

AWE,act 1 AWE2

AWE AWE

log 1
tt

V S t j
T T

  
=    

   
+ + +  

Ohmic overpotential, V ( )AWE,ohm AWE 1 1 2 AWE 2 AWEV j r d r T d p=     + + +  

Faraday efficiency ( )
2

AWE

Faraday,AWE 3 4 AWE2

1 2 AWE AWE

  
  

j
f f T

f f T j


 
  

 
= +

+ +

 

Hydrogen production, mol/s 
2

AWE AWE,cell

AWE,H Faraday,AWE AWE,cell
2 F

j A
n N





=  

Oxygen production, mol/s 
2 2AWE,O AWE,H

1

2
n n=  

Water consumed 2 2AWE,H O AWE,H n n=  

Power consumption, kW AWE,stack AWE AWE,cell AWE,cell AWE W j A N V  =  

Energy efficiency 
2 2AWE,H H

en,AWE

AWE,stack

LHV
  

n

W



=  
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Fig. 2. The comparison of experimental data and 

simulated data of the AWE model. 

3.2 PEMEC model 

The electrochemical reactions occurring in PEMEC 

are as follows: 

Overall reaction: 

 2 2 2

1
H O H O

2
→ +  (4) 

Anode reaction: 

 
+ -

2 2

1
H O 2H O 2e

2
→ + +  (5) 

Cathode reaction: 

 + -

22H 2e H→+  (6) 

The proton exchange membrane electrolyzer's 

voltage consists of open-circuit, activation, ohmic, 

and concentration voltage. The concentration 

voltage is omitted in the model because it is much 

smaller than the other voltages[15,16]. The formula 

to calculate the voltage is shown in Table 2. 

 

 

 

 

Table 2. The modeling equations of PEMEC. 

Parameters Equations 

PEMEC voltage, V PEMEC PEMEC,ocv PEMEC,act PEMEC,ohmV V V V= + +  

Open-circuit voltage, V ( ) 2 2

2

0.5

H O3 PEMEC

PEMEC,ocv PEMEC

H O

R
 1.229 0.9 10 298 ln

2F

p pT
V T

P

−
 

−   
 
 

= - +  

Activation overvoltage, V 
1 1PEMEC PEMEC PEMEC PEMEC

PEMEC,act

a 0,a c 0,c

R R
sinh sinh

F 2 F 2

T j T j
V

j j 

− −
   
      
   

= +  

Ohmic overvoltage, V 
m

PEMEC,ohm PEMEC ele

m

 V j R




 
 
 

= +  

Membrane conductivity, S/m ( )m m

PEMEC

1 1
0.005139 32.6 exp 1268

303 T
 

  
   

   
= - -  

Hydrogen production, mol/s 
2

PEMEC PEMEC,cell

PEMEC,H Faraday,PEMEC PEMEC,cell
2 F

j A
n N





=  

Oxygen production, mol/s 
2 2PEMEC,O PEMEC,H

1

2
n n=  

Water consumed, mol/s 2 2PEMEC,H O PEMEC,H n n=  

Power consumption, kW PEMEC,stack PEMEC PEMEC,cell PEMEC,cell PEMECW j A N V  =  

Energy efficiency 
2 2PEMEC,H H

en,PEMEC

PEMEC,stack

LHVn

W



=  

 

Where PEMECT is the PEMEC working temperature, 

K; PEMECj  indicates the PEMEC current density, 

A/cm2; 0,aj  and 0,cj  denote the cathode and anode 

exchange current densities, respectively, A/cm2; 

PEMEC,cellA  is the active area of the electrolytic cell, 

cm2; According to reference [17,18], the other 

variables of the PEMEC model have been described 

in the supplement material. As shown in Fig. 3, the 

absolute value of the error between the voltage of the 

PEMEC model at different current densities and the 

literature data[19] is within an acceptable range 

(<1%), demonstrating the accuracy of the model. 
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Fig. 3. The comparison of experimental data and 

simulated data of the PEMEC model. 

3.3 SOEC model 

Unlike low-temperature electrolyzers (PEMEC and 

AWE), for high-temperature SOEC, water vapor is 

transformed into hydrogen and oxygen, which 

reduces the activation energy of the water 

decomposition reaction and further improves the 

efficiency of hydrogen production by electrolysis. 

The reaction equations at the anode and cathode are 

as follows, 

 

 

 

Overall reaction: 

 2 2 2

1
H O H O

2
→ +  (7) 

Anode reaction: 

 
2

2

1
O 2 O

2
e− −− →  (8) 

Cathode reaction: 

 
2-

2 2H O 2 H Oe−+ → +  (9) 

According to the literature, the voltage of SOEC is 

the sum of Nernst potential, activation overpotential 

of anode and cathode, ohmic overpotential, and the 

overpotential related to interconnect, and Table 3 

shows the detailed SOEC modeling process [20,21]. 

Where 
SOECT  is the SOEC working temperature, K; 

SOECp  is the SOEC working pressure, bar; 
2HZ , 

2OZ and 
2H OZ  are the mole fraction of H2, O2, and 

H2O, respectively;   is the electrode asymmetry 

charge transfer coefficient. 

Table 3. The modeling equations of SOEC. 

Parameters Equations 

SOEC cell voltage, V 
SOEC,act SOEC,act

a c

SOEC SOEC SOEC,ohm SOEC,mic  V V V V V V+ + += +  

Nernst potential, V 
2 2

2

H OSOE

0

C

SOE

O

.5

S

C

OEC4

n

H

ern

*( * )
1.20672 2.87902 10 *

2

Z p ZRT
V T ln

F Z

−
 

= − +  
 
 

   

Cathode activation 

overpotential, V 

SOEC,act SOEC,act

2 2

a c

,

c

H 0 H

SOEC SOEC

c1 F( F)
j j exp exp

RT R

V

T

V  
 
 

   +
   = −
  

    



 

Anode activation 

overpotential, V 

SOEC,act SOEC, t

2

ac

2

a c

O 0,O

SO

a

EC SOE

a

C

F F
j j exp exp

RT R

V

T

V     
    −

    
    

= −  

Ohmic overpotential 

related to electrolyte, V 

e

SOECohm,i e

i

e SOEC

E

RT
V k

j e
T

− 
 =
 
 

 

Ohmic overpotential 

related to interconnect, V 

mic

SOECmic,i mic

i

mic SOEC

E

RT
V k

j e
T

− 
 =
 
 

 

Hydrogen production, 

mol/s 2

SOEC SOEC,cell

SOEC,H Faraday,SOEC SOEC,cell
2 F

j A
n N





=  

Oxygen production, mol/s 
2 2SOEC,O SOEC,H

1

2
n n=  

Water consumed 2 2SOEC,H O SOEC,H n n=  

Power consumption, kW SOEC,stack SOEC SOEC,cell SOEC,cell SOEC W j A N V  =  

Energy efficiency 
2 2SOEC,H H

en,SOEC

SOEC,stack

LHV
  

n

W



=  
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Other parameters include ij , which is the current 

density attributed to the active species i, A/cm2; 
ek  

and 
mick  are the pre-exponential factor, 

respectively, S K/m; 
eE  and 

micE  are the activation 

energy of the electrolyte and interconnect, 

respectively, J/mol; e  and mic  are the thickness of 

the electrolyte and interconnect, m. The parameters 

of the SOEC model are described in the supplement 

material according to reference [21,22]. 

3.4 Ammonia synthesis model 

The Haber-Bosch process is the primary industrial 

approach for synthesizing ammonia. In the ammonia 

synthesis reactor, hydrogen from the electrolyzer 

and nitrogen from the ASU are mixed in a ratio of 

3:1 to synthesize ammonia under the conditions of 

iron-based catalyst, 450-600℃, and 100-250 bar 

[20]. The reaction equation is shown as follows: 

 
1

2
𝑁2 +

3

2
𝐻2 = 𝑁𝐻3 (10) 

The Temkin-Pyzhev kinetic model is adopted to 

illustrate the reaction kinetics of the ammonia 

synthesis process [23]. 

32 2

3

3 2

1.5

NHN H 3
NH 1 1 1.5

cat NH H cat

2 kmol NH

kg .h

pp pf
R k k

p p
−

   
    

  

= -  (11) 

 4 87090/R

1 1.79 10 Tk e−=  (12) 

 16 198464/R

1 2.75 10 Tk e−

− =  (13) 

where cat  is the volume density of the catalyst, 

kg/m3; f  represents the correction factor, 4.75; ip  

represent the pressure of the related gas, bar. 

3.5 Other models 

The air separation process is simulated using a 

typical double-tower cryogenic air separation model 

from Aspen Plus. The comprehensive power 

consumption of cryogenic air separation is 0.4 

kWh/Nm3 O2. The ammonia refrigeration unit in the 

synthetic ammonia process is treated as a black box 

with a COP of 2.14 [24]. Meanwhile, the heat 

exchanger model and the steam turbine cycle in the 

heat recovery subsystem have been described in the 

literature [25]. 

4. Thermodynamic performance 

evaluation indicators 

To assess the effectiveness of the system's energy 

conversion, energy and exergy efficiencies are 

selected[20,26], which can be calculated as follows: 

 3 3NH NH

en

net

LHVm

W



=  (14) 

 3 3NH NH

ex

net

Exm

W



=  (15) 

Where netW  is the net power consumed by the 

system to synthesize ammonia, kW. Table 4 shows 

the ammonia synthesis system design parameters. 

The steam pressure level 1, 2, and 3 represent the 

high, medium, and low pressure drum pressures of 

the waste heat recovery subsystem, respectively. 

The superheat represents the superheat of the steam 

at the corresponding drum pressure. 

Table 4. Design parameters of the synthetic 

ammonia system. 

Parameters Value 

Ammonia synthesis pressure, bar 200 

AWE operating pressure, bar 10 

AWE operating temperature, ℃ 80 

PEMEC operating pressure, bar 10 

PEMEC operating temperature, ℃ 80 

SOEC operating pressure, bar 10 

SOEC operating temperature, ℃ 750 

Steam pressure level 1, bar 120 

Steam pressure level 2, bar 65 

Steam pressure level 3, bar 1 

Steam superheat, ℃ 250 

5. Results and discussion 

5.1 Thermodynamic Performance Analysis 

The material and energy balance of the AWE-based 

ammonia synthesis system is shown in Fig. 4. When 

the ammonia production is 6.944 kg/s, the byproduct 

oxygen production is 11.836 kg/s, of which 14.75% 

comes from the cryogenic air separation unit, and 

85.25% comes from the electrolyzer. The 

comparative thermodynamic performance of 

synthetic ammonia systems based on different 

electrolyzers in Error! Reference source not f

ound. shows that the energy and exergy efficiency 

of the AWE-based ammonia synthesis system are 

51.67% and 54.99%, respectively. The total power 

consumption is 259.09MW, and the Steam Rankine 

Cycle generates 9.4MW of electricity by absorbing 

the system's waste heat, making the system's net 

power consumption 249.69MW.  
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Fig. 4. Material and energy balance of AWE-based ammonia synthesis system. 

 

In addition, to avoid the accumulation of inert gases 

in the ammonia synthesis process and to avoid 

affecting the progress of the ammonia synthesis 

reaction, some unreacted gases (0.0073 kg/s Ar; 

0.0034 kg/s H2, 0.142 kg/s N2, 0.023 kg/s NH3) are 

discharged during ammonia separation and sent to 

the waste heat boiler for combustion to recover part 

of the energy in the mixed gas. 

Figure 5 shows the material energy balance of the 

PEMEC-based synthetic ammonia system. The 

system has a net power consumption of 229.06 MW, 

with energy and exergy efficiencies of 56.32% and 

59.94% respectively since the hydrogen production 

efficiency of PEMEC is higher than that of AWE. 

Meanwhile, as both PEMEC and AWE are low-

temperature electrolyzers, there is no need to 

provide additional heat to the electrolyzer and the 

operating parameters of the system Rankine cycle 

remain unchanged. Hence, the Rankine cycle of the 

two ammonia synthesis systems generates 9.4 MW 

of electricity. 

The material and energy balance of the SOEC-based 

ammonia synthesis system is illustrated in Fig. 6. In 

contrast to low-temperature electrolyzers, SOEC 

directly electrolyzes water vapor to produce 

hydrogen and oxygen, reducing the Gibbs free 

energy of water decomposition. The electrolyzer's 

hydrogen production efficiency has been improved. 

With the same ammonia yield and Rankine cycle 

parameters, the energy and exergy efficiencies of the 

system are further enhanced to 72.53% and 77.19% 

respectively. Meanwhile, SOEC needs to absorb 

waste heat in the system to generate steam for 

electrolysis, which reduces the amount of steam in 

the Rankine cycle, resulting in the power generation 

of the Rankine cycle being only 3.67MW, which is 

39.04% of the power generated by the Rankine cycle 

of the first two synthetic ammonia systems. 

However, due to the higher hydrogen production 

efficiency of SOEC (>90%), the total and net power 

consumption of the system are still the lowest, at 

181.53MW and 177.86MW respectively, and the net 

power consumption is 71.23%, and 77.65% of the 

AWE and the PEMEC-based synthetic ammonia 

system, respectively. The supplementary material in 

the appendix provides more detailed mass and 

energy balance information for the system. 

5.2 System heat integration 

The grand composite curve of the system provides a 

clear view of the distribution of the heat load in 

different temperature ranges and the heat exchange 

pinch point temperature of the system. As illustrated 

in Fig. 7, it is the grand composite curve of the 

AWE-based ammonia synthesis system. According 

to the meaning of the grand composite curve: (1) 

Temperatures higher than the pinch point 

temperature represent heat trap for the system and 

only require hot utilities; (2) Temperatures lower 

than the pinch point represent heat source for the 

system and only require cold utilities; (3) The slope 

of the grand composite curve in different 

temperature ranges represents the inverse of the heat 

capacity flow rate after the integration of the cold 

and hot streams. Specifically, a positive slope 

indicates that there is insufficient heat after 

integrating the cold and hot streams, and a negative 

slope means excess heat after integrating the cold 

and hot streams. The following conclusions can be 

drawn by analyzing Fig. 7. 
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Fig. 5. Material and energy balance of the PEMEC-based ammonia synthesis system. 
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Fig. 6. Material and energy balance of the SOEC-based ammonia synthesis system. 

 

Table 5. Comparison of thermodynamic performance of ammonia synthesis systems based on different 

electrolyzers. 

Parameters AWE PEMEC SOEC 

Ammonia production, kg/s 6.944 6.944 6.944 

Total power consumption, MW 259.09 238.46 181.53 

Net power consumption, MW 249.69 229.06 177.86 

Electrolyzer power consumption, MW 242.36 221.73 164.8 

ASU power consumption, MW 1.79 1.79 1.79 

ASP power consumption, MW 14.94 14.94 14.94 

Rankine cycle power generation, MW 9.4 9.4 3.67 

Energy efficiency, % 51.66 56.32 72.53 

Exergy efficiency, % 54.99 59.94 77.19 
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The pinch point temperature in the heat exchange 

network of the AWE-based synthetic ammonia 

system is 486.1 ℃; above the pinch point 

temperature, the system does not require hot utility. 

The heat exchange process is mainly for the high-

temperature flue gas from the boiler to heat the 

superheated steam in the Rankine cycle. Below the 

pinch point temperature, the raw synthesis gas 

leaving the ammonia synthesis reactor and the flue 

gas from the boiler release heat together to heat the 

saturated steam in the steam Rankine cycle and the 

mixed gas to the ammonia synthesis reactor, 

respectively. When the temperature is below 100 ℃, 

the low-temperature waste heat generated by the 

AWE, flue gas, compressors, condenser, etc. in the 

system is discharged to the environment through 

cold utility. 
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Fig. 7. Grand composite curve of ammonia 

synthesis system based on AWE. 
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Fig. 8. Grand composite curve of ammonia 

synthesis system based on PEMEC. 

As illustrated in Fig. 8, it is the grand composite 

curve of the ammonia synthesis system based on 

PEMEC. Since PEMEC and AWE are both low-

temperature electrolyzers with similar operating 

temperatures, the grand composite curve of the 

ammonia synthesis system based on PEMEC is 

identical, the pinch point temperature is also 486.1 

℃, and the heat exchange process of the system's hot 

and cold stream is the same, so it will not be 

described in detail. 
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Fig. 9. Grand composite curve of ammonia 

synthesis system based on SOEC. 

The grand composite curve of the ammonia 

synthesis system based on SOEC is shown in Fig. 

9.It is different from the grand composite curve of 

the AWE-based and PEMEC-based synthetic 

ammonia system, under the same Rankine cycle 

parameters; there are two pinch point temperatures 

in the system grand composite curve, which are 

128.2 ℃ and 334.8 ℃ respectively, and the system 

does not require the hot utility. When the stream 

temperature is higher than 334.8 ℃, the heat 

exchange process in the system is mainly the high-

temperature flue gas from the boiler, the outlet gas 

of the SOEC, and the syngas at the outlet of the 

synthetic ammonia reactor heating the superheated 

steam and saturated steam of the Rankine cycle. 

When the stream temperature is between 128.2℃ 

and 334.8℃, part of the steam in the Rankine cycle 

is extracted to heat the saturated steam at the inlet of 

the SOEC. When the stream temperature is lower 

than 128.2℃, the low-temperature waste heat from 

the SOEC outlet, compressed gas, flue gas, and 

condenser in the system is directly discharged to the 

environment through the cold utility. 

6. Conclusions 

In this paper, the system energy and exergy 

efficiency are selected as assessment criteria, and the 

thermodynamic performances of synthetic ammonia 

systems based on different electrolyzers are 

compared. The heat exchange process between 

different streams in the system is discussed through 

the system's heat integration. The key conclusions 

are summarised as follows,  

(1) The energy efficiency of the synthetic ammonia 

systems based on AWE, PEMEC, and SOEC are 

51.66%, 56.31%, and 72.53% respectively. The 

synthesis system efficiency is positively correlated 



 
    

                               

             
                              Liu et al. (2025) 

 

 

113 | P a g e  

 

with the hydrogen production efficiency of the 

electrolyzer because the hydrogen production 

efficiency directly affects the power consumption of 

the system; 

(2) the heat exchange pinch point temperature of the 

synthetic ammonia system based on AWE and 

PEMEC is 486.1℃. Since the electrolyzer is low-

temperature, the low-temperature waste heat from 

the electrolyzer is directly discharged to the 

environment through the cold utility. It does not 

affect the heat integration. Therefore, the heat 

integration process of the synthetic ammonia system 

of the low-temperature electrolyzer is similar; 

(3) when the synthetic ammonia system adopts 

SOEC to produce hydrogen and the operating 

parameters of the Rankine cycle remain unchanged, 

there are two pinch point temperatures in the 

synthetic ammonia system, which are 128.2℃ and 

334.8℃  respectively. To reduce the temperature 

difference between the heat exchange streams, the 

waste heat in the system will prioritize heating the 

steam in the Rankine cycle. When the Rankine cycle 

steam temperature drops to 281℃ due to work, part 

of the steam is extracted to heat the saturated steam 

at the SOEC inlet. Similarly, the low-temperature 

waste heat in the system below 128.2℃ is directly 

discharged to the environment through the cold 

utility. 

In conclusion, since SOEC is still in the laboratory 

research stage, there is a complementary 

relationship between the load response of PEMEC 

and the economic efficiency of AWE, and the low-

temperature waste heat generated by PEMEC and 

AWE in the ammonia synthesis system is directly 

discharged into the environment through cooling 

utilities, which will not affect the heat exchange 

process between system processes. The AWE and 

PEMEC synergistic hydrogen production scheme 

will have wide application potential in future 

ammonia synthesis systems. According to the 

fluctuation characteristics of renewable energy in 

different locations, it is expected to achieve a trade-

off between the economy and flexibility of the 

ammonia synthesis system by optimizing the 

hydrogen production ratio of PEMEC and AWE. 
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